ABSTRACT. The purpose of this project was to investigate the effects of high rates of dopamine infusion on cardiac output and regional blood flow in the lamb. We studied eight unanesthetized newborn lambs (mean age 7 + 2 days) during a 15-min baseline period and while infusing dopamine at 5-, 20-, 80-, and 160 pg/kg/min. We measured cardiac output and mean aortic, pulmonary arterial and left atrial pressures, and organ blood flow using radionuclidelabeled microspheres at each rate of dopamine infusion. Cardiac output increased significantly with increasing rates of infusion up to 80 pg/kg/min but decreased at 160 pg/kg/ min. Aortic, pulmonary arterial, and left atrial pressures increased at rates of infusion above 5 pg/kg/min. Blood flow to all organs was unchanged at the 5 pg/kg/min rate of infusion of dopamine while blood flow to the brain and heart increased at the 80 pg/kg/min rate of infusion and blood flow to the gut and kidney decreased. We conclude that dopamine is an effective inotropic agent in the newborn lamb but that an inotropic:afterload mismatch exists at high infusion rates. Despite an increase in cardiac output at low rates of infusion, dopamine did not selectively vasodilate the vascular bed of any organs tested. Furthermore, at high rates of infusion dopamine actually impaired blood flow to the gut and kidney. (Pediatr Res 21: 131-136, 1987) Dopamine remains an extensively used catecholamine in the management of shock in critically ill infants and children (1). We recently studied the effects of dopamine on hemodynamics in 2-to 3-wk-old lambs and found it to be an effective inotropic agent (2). However, inherent properties of neonatal myocardium may render it relatively unresponsive to the inotropic actions of dopamine and the same effects may not occur in the younger lamb. In the clinical setting, myocardial immaturity may prompt the use of rates of infusion of dopamine in excess of those currently recommended (1). The effects of high rates of infusion on regional blood flow in the newborn are unknown.
Dopamine remains an extensively used catecholamine in the management of shock in critically ill infants and children (1). We recently studied the effects of dopamine on hemodynamics in 2-to 3-wk-old lambs and found it to be an effective inotropic agent (2) . However, inherent properties of neonatal myocardium may render it relatively unresponsive to the inotropic actions of dopamine and the same effects may not occur in the younger lamb. In the clinical setting, myocardial immaturity may prompt the use of rates of infusion of dopamine in excess of those currently recommended (1). The effects of high rates of infusion on regional blood flow in the newborn are unknown.
The purpose of our study was to investigate the effects of dopamine on regional blood flow in newborn lambs over a wide range of infusion rates. We hypothesized that in the newborn lamb dopamine would not increase cardiac output at conventionally used rates of infusion but might at higher rates. At these higher rates, however, we anticipated that the a-adrenergic effect of dopamine would compromise blood flow to vital organs.
MATERIALS AND METHODS

Surgical preparations.
We operated on eight lambs using halothane and nitrous oxide anesthesia delivered by a piston type ventilator. From a left hindlimb cutdown we inserted polyvinyl catheters into a peripheral artery and vein and advanced them into the descending aorta and inferior vena cava, respectively. We also inserted a 3.5 Fr thermistor wire (Edwards Laboratories, Inc., Irvine, CA) into a peripheral artery by separate hindlimb cutdown and advanced it into the descending aorta. Finally, we placed a polyvinyl catheter in a forelimb artery and advanced it into the ascending aorta.
Next, through a left thoracotomy, we placed polyvinyl catheters directly into the left atrium and pulmonary artery and isolated and ligated the ductal remnant. We tunneled the catheters to the left chest and covered them with a vinyl pouch sewn to the skin. Once ambulatory all lambs recovered with their ewes for at least 72 h before participating in the study.
Experimental protocol. We studied the lambs as they rested prone in a sling that did not interfere with respiratory movements. Throughout the experiment we measured mean and phasic pulmonary arterial, left atrial and aortic pressures, and heart rate using Statham P23Db strain gauge manometers (Statham Instruments, Hato Rey, Puerto Rico) and a Grass 7D 8-channel amplifier recorder (Grass Instruments, Quincy, MA). At each rate of infusion we measured cardiac output in triplicate by the thermodilution technique. We injected iced saline through the catheter in the left atrium, measured the temperature change in the descending aorta, and calculated cardiac output using a Gould Statham SP1425 computer. In addition, we obtained samvles of arterial blood at each rate of dovamine infusion for determination of hematocrit and for measurement of arterial blood gas tensions using a Radiometer Blood Gas Analyzer (PM27, Radiometer Corp., Copenhagen, Denmark) set at 39.5" C. Finally, we calculated pulmonary vascular resistance as the difference between mean pulmonary arterial and left atrial pressures divided by the cardiac output. We studied the lambs during a baseline period and while infusing dopamine (American Critical Care, McGraw Park, IL) through a central venous catheter at rates of 5-, 20,-80-, and 160 pg/kg/min. We allowed the lambs to stabilize for at least 15 min at each rate of dopamine infusion before obtaining any measurements.
At each rate of dopamine infusion, we determined regional blood flow by injecting approximately 1.0 x lo6 microspheres (15 pm in diameter) labeled with one of five radionucleotides (New England Nuclear S C~~, Co5', Nb", Ru''', Sn'I3) directly into the left atrium over 15 s and then flushing the left atrial catheter with 10 ml of sterile normal saline. We obtained blood samples from upper and lower body arterial catheters in preweighed glass syringes at a constant withdrawal rate of 3.9 ml/ min beginning just before microsphere injection and continuing for 45 s after the injection was completed.
At the completion of each study, we killed the lamb with an intravenous injection of pentobarbital and KC1 and removed the brain, heart, gut from the pylorus to the distal colon, liver, and kidneys. We weighed and homogenized the organs with 10% formalin solution and determined the radioactivity of the tissue 132 FELTES ET AL. homogenate and reference blood samples using a sodium iodide scintillation detector and a multichannel pulse height analyzer. Finally we calculated tissue blood flow using the surrogate organ method of Rudolph and Heymann (3) where (F,) is flow to the unknown organ, (C,) are the counts per minute detected in the unknown organ, and (F,) and (C,) are the flow and counts per minute in the arterial reference sample: [F, = C,(F,/C,)] (4, 5).
STATISTICS
All data are reported as the mean value & 1 SEM. A two-way analysis of variance with a student Newman-Kuel's test was used to assess differences between incremental rates of dopamine infusion. We regarded a p value of c0.05 as significant (6) . pH values were converted to the -log [H+] before analysis.
RESULTS
Our lambs ranged in age from 5 to 12 days (7 + 2) and weight from 3.4 to 9.0 kg (5.5 + 1.8). Hematocrit and PaOz did not change during dopamine infusion (Table 1 ). PaC02 increased slightly at the 20 and 80 pg/kg/min rates of dopamine infusion, but returned to baseline values at the highest rate of infusioli while pH decreased progressively throughout the experiment.
Hemodynumics. Cardiac output during the baseline period was 346 + 22 pg/kg/min. It increased significantly at the 20 pg/ kg/min rate of infusion, did not change at 80 pg/kg/min, and then decreased at the 160 pg/kg/min rate of infusion ( Fig. 1 ). Systemic and pulmonary arterial pressures increased significantly at infusion rates of 20 and 80 pg/kg/min, respectively. Despite the fall in cardiac output, systemic arterial pressure continued to increase at the 160 pg/kg/min rate of infusion (peaking 79% over baseline) (Fig. 2) .
Left atrial pressure did not change at low and intermediate rates of infusion but increased significantly at the 160 pg/kg/ min rate of infusion (Fig. 2) .
Systemic vascular resistance did not change at the 5 and 20 pg/kg/min rates of infusion despite the increase in cardiac output but did increase significantly at the 80 and 160 pg/kg/min rates of infusion (Fig. 3) . At the 160 pg/kg/min rate of infusion, sytemic vascular resistance was 67% greater than baseline.
In contrast, pulmonary vascular resistance was not appreciably altered by dopamine infusion (Fig. 3 ) despite the increase in both cardiac output and left atrial pressure. The combined effects of dopamine on the systemic and pulmonary vascular resistances resulted in a decrease in the pulmonary to systemic vascular resistance ratio at high rates of infusion.
Heart rate increased from 170 & 20 to 225 k 16 bpm between the 80 and 160 pg/kg/min rates of dopamine infusion.
Tissue bloodflow. Brain blood flow did not change at the 5 and 20 /~g/kg/min rates of infusion but increased at the 80 pg/ kg/min rate of infusion, and peaked 25% over baseline (with the peak in aortic pressure) at the 160 pg/kg/min rate of infusion (Table 2) (Fig. 4) . Since cardiac output decreased at this rate of infusion the relative proportion of cardiac output distributed to the brain increased 40% (Table 3) . Myocardial blood flow increased slightly at the 20 pg/kg/min rate of infusion but its percentage of total cardiac output remained unchanged (Fig. 4) . At the 80 and 160 pglkglmin rates of infusion, however, myocardial flow increased dramatically, tripling its proportion of the total cardiac output. (Fig. 4) . Gut flow represented only 11.7% of the total cardiac output at the high rate of infusion compared to the pg/kg/min rate of infusion (Fig. 4) . This change was not significant.
effects of dopumine infusion
Renal blood flow decreased 24% from baseline at the 80 pg/ Pulmonary kg/min and an additional 21% at the 160 pg/kg/min rates of infusion (Fig. 4) . inotropic effect results from both direct and indirect 0, adreno- the kidneys decreased at both the 80 and 160 pg/kg/min rates of infusion receptor activation in the myocardium (8) . Dopamine directly stimulates Dl receptors on the surface of the myocyte and increases intracellular cyclic AMP (9) . As a result, an increased number of membrane slow calcium channels are recruited during the action potential of the myocyte resulting in an increase in intracellular calcium (9, 10) . The increase in intracellular calcium increases the number of actin-myosin cross bridges resulting in enhanced inotropy (9) .
Dopamine indirectly stimulates the myocardial PI receptor by releasing norepinephrine from the presynaptic terminals of intramyocardial sympathetic fibers (1 1). Once released into the synaptic junction, norepinephrine activates postsynaptic P receptors on the myocyte resulting in the cascade of actin-myosin interaction mentioned above. Finally, dopamine may delay the breakdown and reuptake of norepinephrine from the synaptic junction of the myocardium and thus prolong the inotropic effects of the neurotransmitter (8, (12) (13) (14) . The inotropic effect of dopamine, therefore, is dependent on 1) the integrity of the adrenergic receptor, 2) the extent of sympathetic innervation of the myocardium, 3) availability of norepinephrine stores in the presynaptic terminal, and 4) the number of contractile elements of the myocyte. We found, as have others (2, 15) , that the inotropic response to dopamine infusion was blunted in the very young animal suggesting that one or more of these factors may be deficient.
Cheng a/. (16) have shown that the concentration of the 6, receptors in the newborn heart is comparable to that of the adult and, unlike vascular adrenoreceptors, the myocardial PI receptor appears to be fully mature at birth (17) . Therefore, we would expect the direct actions of dopamine to be little affected by maturity.
On the other hand, norepinephrine stores are reduced in the hearts of newborn lambs and the sympathetic innervation of the newborn myocardium is incomplete (17) . As a result norepinephrine, which is released from sympathetic fibers in the heart by the direct action of dopamine, would have limited bioavailability to the postsynaptic PI receptor until postnatal completion of myocardial innervation. As a result, the indirect actions of dopamine on the myocardium might very well be affected by maturation.
Finally, the neonatal myocardial inotropic reserve is limited by the comparatively high proportion of noncontractile to contractile elements in the neonatal myocardium compared to the adult myocardium (17) . These noncontractile elements, made up of intracellular organelles and surface membranes, result in a limited compliance of the newborn ventricle and a disproportionately low amount of contractile protein.
Although the response was blunted in comparison to that of the older lambs studied in our laboratory, dopamine, at rates of infusion used clinically, increased the cardiac output of our young lambs (2) . This finding differs from that of several previous reports in comparably aged lambs where dopamine did not increase cardiac output at doses up to 360 pg/kg/min (18, 19) . In these previous studies, however, arrhythmias frequently occurred at higher doses of dopamine which may have prevented cardiac output from increasing. Arrhythmias were infrequently encountered in our study. Cardiac output is a function of heart rate, preload, afterload, and myocardial contractility. At the 20 pglkglmin rate of infusion, cardiac output increased in all of our lambs. Because heart rate, preload, and vascular resistance were unchanged at this infusion rate we assume that contractility increased.
Cardiac output decreased at very high rates of infusion of dopamine, a phenomenon not seen in our older lambs. We believe that this occurred not because of depleted inotropic reserve, but rather as the result of an inotropic:afterload imbalance. Vapaavouri et al. (20) , studying fetal, newborn, and older lambs found a disparate maturation of vascular adrenoreceptors. The vasoconstriction mediating a receptors appeared to be fully developed by 120 days gestation (full gestation = 150 days) while peripheral vasodilating P2 receptors required postnatal maturation. The combination of limited inotropic reserve coupled with a predominant systemic vasoconstrictive response to high infusion rates of dopamine as evidenced by increased aortic pressure and systemic vascular resistance, led to an inotropic:afterload mismatch resulting in the fall in cardiac output. It was interesting that Downing et al. (21) using an in situ model of the newborn lamb heart, reported a decrease in stroke volume as systemic pressure (afterload) was increased within the range of aortic pressures that we observed in our study.
At low to moderate rates of infusion all of the lambs developed a mild respiratory acidosis that was most likely the result of dopamine-induced chemosensory inhibition (22) . At higher rates of infusion the lambs also developed a metabolic acidosis suggesting that some degree of tissue ischemia was occurring. While Fisher (23) has shown that severe metabolic acidosis (pH < 7.1 1) may decrease cardiac output in newborn lambs it is unlikely that the small decrease in pH observed in our lambs could have accounted for the decrease in cardiac output seen at the 160 pg/ kg/min rate of dopamine infusion. In Fisher's study there was no effect of acidosis on cardiac output at an arterial pH > 7.30 (Fisher DJ, personal communication) and in our previous study in older lambs, cardiac output increased at all rates of dopamine infusion despite a similar mild mixed acidosis (2). Finally, in previous studies where mild metabolic acidosis was induced by prolonged hypoxia (24) , mixed acidosis was induced by hypoxia plus C 0 2 rebreathing (25) , or pure respiratory acidosis was induced by C 0 2 rebreathing (26) cardiac output always increased.
Although we observed an increase in heart rate at high rates of dopamine infusion, it is unlikely that this impaired ventricular filling enough to account for the rise in left atrial pressure. Fisher and Gross (27) have shown that pacing the newborn lamb heart at rates up to 300 bpm caused no significant increase in left atrial or left ventricular end diastolic pressure. It is more likely that the left atrial hypertension seen at high rates of infusion resulted from the markedly elevated systemic vascular resistance (i.e. afterload) thereby decreasing left ventricular stroke volume and impeding ventricular ejection.
Previous reports have demonstrated that increases in pulmonary blood flow and left atrial pressure decrease pulmonary vascular resistance (28) . Both an increase in cardiac output and left atrial pressure occurred in our lambs with increasing rates of infusion of dopamine, yet pulmonary vascular resistance was not affected. This lack of passive dilatation with increased blood flow and increasing distending pressure suggests that dopamine increased the resting tone of the pulmonary vascular bed.
We found no change in blood flow to any organ at rates of dopamine infusion less than 80 pg/kg/min. At the 80 and 160 pg/kg/min rates of infusion, brain and myocardial flow increased while gut and renal flow decreased. Infusion of dopamine has been shown to result in vasodilatation in the cerebral, coronary, hepatosplanchnic, and renal vascular beds in either in vivo or in vitro preparations (29-39) presumably by stimulation of specific "dopaminergic" receptors (8, 29) . Our regional flow data suggest that this vasodilating response to dopamine is not present in the I-wk-old lamb. These observations support the theory of Gootman el a/. (40, 41) and others (42) that in the postnatal period, vascular autonomic receptors mature at different rates (40) , with the or adrenergic receptor being mature at birth, but the "dopaminergic" receptor requiring significant postnatal development.
The fact that blood flow to the gut and kidneys decreased while cardiac output increased at the 80 pg/kg/min infusion rate of dopamine suggests that active vasoconstriction occurred in these organ beds. It is likely that the increase in organ vascular resistance was mediated by or adrenergic stimulation (35) . Dopamine has been shown to decrease the oxygen extraction of the gut, specifically of the mucosa, and there is some concern that infusion of dopamine could result in mucosal ischemia (35) . Although we did not measure differential transmural flow, our data showed that in the newborn lamb absolute blood flow to the gut and kidney was not compromised at conventionally used rates of dopamine infusion.
Cerebral blood flow increased in our lambs at the 80 and 160 pg/kg/min rates of infusion despite the fall in cardiac output. Driving pressure, i.e. aortic pressure, progressively increased with each rate of dopamine infusion. Cerebral blood flow remained constant at the 5 and 20 pg/kg/min rates of infusion despite an increase in cardiac output and then increased with the increase in aortic pressure at the 80 pg/kg/min without significant change in cardiac output suggesting that the limits of autoregulation had been exceeded.
Coronary blood flow increased in our, lambs at rates of dopamine infusion of 80 and 160 pg/kg/min. In light of previously cited studies, it is unlikely that dopamine had a direct vasodilating effect on the coronary vascular bed at these high rates of infusion (32, 33) . Presumably the increase in coronary blood flow was the result of an increased oxygen demand by the myocardium. Heart rate and ventricular wall stress as a function of increased ventricular afterload both increased in our lambs. Both of these have been shown to increase myocardial oxygen demand (43) . Adenosine, a metabolic product of ATP breakdown that relaxes vascular smooth muscle, appears to be the local mediator for coronary vasodilatation in conditions of increased oxygen consumption (44) .
We conclude that dopamine increases cardiac output in newborn lambs, presumably by increasing myocardial contractility. The inotropic reserve in young lambs, however, does appear limited with an inotropic:afterload mismatch evident at high rates of dopamine infusion. Dopamine does not appear to have any specific vasodilating properties in the organ beds tested and, at high rates of infusion, decreases blood flow to the gut and kidneys.
